Three closely related clones of leukemic lymphoid CEM cells were compared for their gene expression responses to the glucocorticoid dexamethasone (Dex). All three contained receptors for Dex, but only two responded by undergoing apoptosis. After a time of exposure to Dex that ended late in the interval preceding onset of apoptosis, gene microarray analyses were carried out. The results indicate that the expression of a limited, distinctive set of genes was altered in the two apoptosis-prone clones, not in the resistant clone. That clone showed altered expression of different sets of genes, suggesting that a molecular switch converted patterns of gene expression between the two phenotypes: apoptosis-prone and apoptosis-resistant. The results are consistent with the hypothesis that altered expression of a distinctive network of genes after glucocorticoid administration ultimately triggers apoptosis of leukemic lymphoid cells. The altered genes identified provide new foci for study of their role in cell death.
For almost 60 years, it has been known that glucocorticoids are capable of lysing certain classes of immature lymphoid cells [1] , and this knowledge has been applied widely in the treatment of lymphoid malignancies [2] . With the recognition of apoptosis as a form of suicidal cell death, it became clear that lymphoid cells also underwent this process when exposed to pharmacological concentrations of glucocorticoids [3, 4] . Lymphoid cell apoptosis was shown to be absolutely dependent on glucocorticoid occupancy of the glucocorticoid receptor (GR), a specific intracellular glucocorticoid-activated transcription factor [5] . This implicated altered gene regulation in apoptosis, evidence for which came from experiments on thymocytes and malignant lymphoid cells.
In both, general inhibitors of transcription and/or translation were used to show that blocking macromolecular synthesis also blocked various morphological and biochemical indicators of apoptosis [4,6 -10] . Timing was critical for these experiments, because the complete block of either transcription or translation would in itself be lethal after a time. Thus the paradigm was established that in these lymphoid apoptotic systems, alterations in gene regulation led to eventual apoptotic death. It is now clear that, in general, apoptosis occurs by the precise regulation of a multitude of genes, rather than one or a few genes [11] .
The search for genes whose regulation is required for steroid-induced apoptosis of lymphoid cells has engrossed many laboratories for years. By knowledge of metabolic processes, biochemical pathways, regulatory systems, and cellular organelles, as well as by various forms of differen-tial gene product screening, attempts have been made to discover the critically regulated genes and their mRNA and protein products [12] [13] [14] [15] [16] [17] . This sustained effort has, in fact, produced several interesting and valuable leads. In thymocytes or malignantly transformed lymphoid cells, various landmarks in the processes leading to apoptosis have been established. Yet it is clear that these experiments, though based on the best biological intuitions or early screening techniques, have not completely defined the pathway. Until recently, the technologies available for relatively unbiased screening simply have not had the resolving power necessary to identify the necessary and sufficient genes involved. Now, with the advent of microarray technology, this longsought goal is within reach. Several studies of lymphoid cell gene expression have now been carried out using this new technology, and a few have begun to examine the effects of glucocorticoids on gene expression. These studies, though exciting, have only begun to unravel the skein of complex gene regulations involved. We present here the initial results from the examination of glucocorticoid-induced changes in gene expression in a closely related set of three malignant lymphoid cell clones. Comparisons of genes regulated in the three clones have resulted in identification of a relatively small number of genes that correlate with cellular sensitivity to glucocorticoids' evocation of apoptosis.
CEM cells are a line of lymphoblastic cells originally derived from a child with acute lymphoblastic leukemia [18] . Like all uncloned cell lines, the original CEM cells are a mixed population of clones with varied genotypes and phenotypes. Because of this, we have carried out all our studies on clones isolated from the original CEM line. Clones CEM-C7 and CEM-C1 provided our prototypical glucocorticoid-sensitive and -resistant phenotypes, respectively. Because of the well-known genetic and phenotypic drift of all types of cells growing continuously, and of eukaryotic tissue culture cells especially [19 -21] , we recently recloned each of the parental clones to repurify the original phenotypes. This established CEM-C7 subclone CEM-C7-14 as the prototypic GR-sensitive clone and CEM-C1 subclone CEM-C1-15 as the GR-resistant clone. In the process, we captured a clone from CEM-C1 that had reverted to sensitivity. In this paper, we describe and compare the changes in gene expression caused by exposure to the synthetic steroid dexamethasone (Dex) seen in the cells of these three clones-two sensitive and one resistant to glucocorticoid-induced apoptosis.
Sensitive CEM cells must be incubated in concentrations of steroid sufficient to occupy fully all GRs present in the cells for Ն24 h before the onset of biochemical and most morphological evidence of apoptosis can be measured [5] . The exception regarding morphology is classic pre-apoptotic cell shrinkage that begins as early as 6 h after steroid is added. Nevertheless, if glucocorticoid is removed or antiglucocorticoid added at times up to ϳ24 h, all processes are reversible and the cells continue to grow without pause. Beyond 24 h, increasing numbers of cells become locked in the apoptotic processes, which removal of steroid does not reverse.
We therefore have chosen to identify the genes that have changed at a point just before the irreversible steps of true apoptosis begin. This tested our working hypothesis that the sensitive subclone CEM-C7-14 and the sensitive revertant CEM-C1-6 shared a set of altered gene products that would be distinctively different from any genes induced or suppressed in the resistant subclone, CEM-C1-15.
Results

Characteristics of CEM clones
Three clones of CEM cells were compared: two (C7-14 and C1-6) undergo apoptosis when exposed to 1 M Dex; the third (C1-15) is completely resistant to the growthinhibiting and apoptotic effects of the steroid. All three are recent subclones of the original C7 (sensitive) and C1 (resistant) clones, derived from the uncloned CEM cell line [22, 23] . Subclones C7-14 and C1-15 were chosen for study because they re-established the pseudodiploid karyotypes and steroid response phenotypes of the original parental clones. They contain essentially equal levels of GRs. Subclone C1-6 represents a rare spontaneous revertant from C1 that has recovered an apoptotic response to Dex. C1-6 cells are hyperploid, with a mean chromosome number of 94. Some of the properties of the three clones are compared in Table 1 and Fig. 1 .
The onset of overt cell loss in the sensitive clones occurs after ϳ24 h (Fig. 1A) . The C1-6 revertant-to-sensitive clone is less stable in phenotype than C7-14, and rapidly accumulates a subpopulation of resistant cells, indicated by its growth curve leveling off after 24 h, as a result of the relatively high rate of reaccumulation of resistant cells in the C1-6 population. As employed herein, however, the vast majority of the C1-6 cells underwent apoptosis after Ն48 h in Dex, as demonstrated by typical DNA breakdown to subdiploid levels by propidium iodide (PI) staining (Fig.  1B) . Fig. 1C shows that in the two sensitive clones after 20 h in Dex, cell death had hardly begun according to several markers of apoptosis: phosphotidylserine (PS) eversion, mitochondrial membrane integrity, and PI staining of cellular DNA. No significant difference from control is seen in JC-1 stains for mitochondrial integrity or in the population with subdiploid DNA (PI, P ϭ 0.5). The PS eversion of the lipid from the inner to the outer surface of the plasma membrane, an early event in apoptosis, was just beginning in one of the sensitive clones after 20 h. From these experiments and from previous knowledge of the timing of responses to steroids in CEM-C7 and CEM-C1 cells, we hypothesized that a complex sequence of changes in gene expression occurs in the sensitive lymphoid cells over a period of many hours, eventuating in one or more irreversible steps that triggers the acute apoptotic process. Clones C7-14 and C1-6 should display these gene expression changes; clone C1-15 should not.
To test the hypothesis, we analyzed gene expression profiles in the three clones by microarray analysis. Data were obtained on genes with altered expression after 20 h of continual exposure to Dex, a time late in the preliminary period leading to apoptosis. On three occasions over the course of 1 year, cells in mid-logarithmic growth at ϳ4 ϫ 10 5 cells/ml were treated with ethanol vehicle or 10 Ϫ6 M Dex. After 20 h, RNA was extracted from the cells and delivered to the UTMB Genomics Core Laboratory for target labeling, hybridization, and initial chip data analysis, using the Affymetrix HG_U95Av2 chip.
Validation of microarray data
Several data validation experiments were conducted. Initially, the Genomics Core Laboratory independently tested the general reproducibility of gene expression displayed by the chips by analyzing a single RNA sample on three separate chips, not related to this study. The number of genes whose expression appeared to vary Ͼ2-fold was 12 of ϳ6,000 genes expressed, or Յ0.2%. In addition to this general validation, the data from our chips were checked in several ways. First, our microarray data confirmed the regulation of several genes that we had earlier identified by manual experiments in the sensitive parental C7 clone [5, 25] . Thus, c-myc and ornithine decarboxylase were suppressed and GR␣ and c-jun were induced in the C7-14 subclone. Second, from the microarray data sets we arbitrarily selected three genes we had not studied before, that according to the chip data were induced in the sensitive cells. We tested for regulation of these three genes by northern blot analysis using actin as a normalizing control. The data (Fig. 2) clearly showed that there was induction of the mRNA of each by Dex in the sensitive clones but not in the resistant one. To our knowledge, none of these genes, B-cell translocation gene 1 (BTG1), Down syndrome candidate region 1 (DSCR1), or E4 promoter-binding protein 4 (E4BP4), had previously been associated with glucocorticoid-evoked lymphoid cell apoptosis. Finally, we noted that several of the genes detected as regulated were represented at two independent locations on the chips; hence, they provided internal independent controls that the observed change was not due to random causes. Together, these results suggested that the data from the gene chips reflected the behavior of gene expression in the cells.
Cluster analyses and evaluation of randomness
The patterns of basal gene versus altered expression were then compared by cluster analyses. Of the 12,626 genes on the Affymetrix HG_U95Av2 chip, approximately half were detected as expressed in the basal state. One-way ANOVA analysis of these at the 95% confidence limit revealed that in the basal state the resistant C1-15 clone and the Dex-sensitive revertant C1-6 clone clustered more closely than either did to the sensitive cone C7-14 (not shown). After Dex treatment, 751 genes were altered in expression at the 95% confidence limit in the two sensitive clones and not in the resistant clone. When clustering was carried out using only these altered genes, the sensitive revertant from C1 now shifted so as to cluster more closely with the inherently sensitive clone C7-14 and away from the resistant sister clone C1-15 (Fig. 3) . This is consistent with our hypothesis. However, ANOVA-based statistical methods operate on the premise that the populations considered follow a Gaussian distribution. For fold-change data in cellular gene expression, this may not be so, because the apparent increases are often bunched in the very low-fold range. Several calculations were carried out to estimate the possibility that even at the 95% confidence limit there remained a considerable chance that some genes scored as altered could have been random events. In one such calculation, unpaired Student's t-tests were conducted between the glucocorticoid-sensitive cell lines C1-6 and C7-14 (control plus Dex, eight chips) and the glucocorticoid-resistant cell line C1-15 (control plus Dex, four chips); (for technical reasons, data from only two of the three experiments could be used). The cumulative distribution of "fold changes" was calculated for the genes that were identified as "significantly different" in the t-tests (P Ͻ 0.05). "Fold changes" is defined as the ratio (Ն1) of the mean of the two groups of samples to be compared, and the cumulative distribution of "fold changes" is the number of significant genes within specified limits. To estimate how many of the "significant" genes determined by the t-tests might have occurred solely by chance, we produced 20 permutated data sets (by shuffling the 12 data pieces for each gene randomly) and conducted t-tests for the permutated data sets. We than calculated the cumulative fold changes for the means of the results obtained from the 20 permutated data sets. The results indicated that in the original data, 1,697 genes were considered different at Ͻ2.5-fold and 238 genes were considered above 2.5-fold different. In the simulated data, 467 genes were found different Ͻ2.5-fold and 48.5 different above 2.5-fold. Thus, the ratios random/observed were 0.275 for genes Ͻ2.5-fold different and 0.204 for genes Ͼ2.5-fold different. Consequently, if one used data from only two experiments, a substantial fraction of "different" genes might be due to randomness, the more so at fold differences Ͻ2.5.
Identification of a unique set of genes relevant to glucocorticoid-evoked apoptosis
Comparison of the expression of genes in the control, non-steroid-treated state showed that there are 73 genes expressed uniquely Ͼ2-fold higher in C1-15 cells, the resistant clone, than in either of the two sensitive clones. The two sensitive clones together basally expressed a different 37 genes Ͼ2-fold over C1-15 cells (data not shown). Examination of these genes showed no obvious explanation for the resistance of C1-15 cells or the sensitivity of the others.
Working from the assumption that only genes reproducibly up-or downregulated in the sensitive clones could truly pertain to the cells' eventual apoptosis, we carried out analyses using the following criteria. Only genes that were induced Ͼ2.5-fold or de-induced Ͼ2-fold were considered. These limits were chosen to eliminate most random changes, understanding that they may exclude some rele- vant genes whose fold change falls outside the cutoffs. We then required that each gene show this level of change in at least two of the three experiments. That is, to be included, an induced or repressed gene had to meet the cutoff criteria in at least two out of three data sets of each sensitive clone and not appear as regulated in the resistant clone more than once. When the arrays were evaluated at this level of stringency, a panel of 39 induced and 21 de-induced genes emerged that were distinctively regulated in the two sensitive clones. The pattern for induced gene changes according to these criteria is shown as a Venn diagram in Fig. 4A (left-hand side). Of the 39 induced genes, 7 were identified at two separate positions in the array. Each sensitive clone showed induction of a substantial additional number of genes unique to itself. The resistant clone C1-15 showed consistent induction of a similar number of uniquely induced genes, not regulated in the sensitive clones. A few inductions were shared between resistant clone C1-15 and one or the other of the sensitive clones (three each). Five genes frequently showed induction in all three clones. The right-hand side (Fig. 4A) shows the results when the criteria were tightened to require a fold change beyond the setpoints in each of the three experiments. By these more stringent criteria, a subset of 21 genes from the 39 was induced in every experiment in both C1-6 and C7-14 cells, but 3 of these had been induced over the limits in C1-15 cells twice. Therefore they were excluded from further consideration. Upon examination of the raw data for the remaining genes that had not met the limits in one of the three experiments, we found that there had been some induction in all cases. When all data were combined, these genes each showed on average increases of Ն2.5-fold. One gene was induced in both C7-14 and C1-15 cells but not in C1-6 cells, and one other gene was uniquely induced every time in C1-15 cells. No genes were always induced in all three clones.
The analogous Venn diagrams for genes de-induced Ͼ2-fold are displayed in Fig. 4B . When we required that the repression beyond the stated limit be seen in each of the three experiments, 4 genes were identified (Fig. 4B , righthand side). An additional 27 genes were always repressed in clone C1-6, and a different set of 10 was repressed in clone C7-14. When we permitted one instance of the three to be less than the chosen cutoff (Fig. 4B , left-hand side), 21 genes were identified as repressed in both C1-6 and C7-14, and the numbers of genes repressed uniquely in each of the three clones increased considerably. Notably, in no case was a repressed gene found to be shared in both the sensitive and resistant clones. Table 2 lists the induced and de-induced genes for the sensitive clones. Many genes that emerged by this analysis show interesting groupings of properties. Others are as yet of unknown function. Clone C1-15, though resistant to Dex-evoked apoptosis, showed induction of 53 genes and repression of 25 genes in two of the three experiments (Figs. 4A and 4B , left-hand side), although these numbers dropped to 1 and 0, respectively, when we required the event in each of the three experiments (Figs. 4A and 4B , right-hand side). When combined, the data identify 78 candidate regulated genes unique to the C1-15 cells.
Promoter analysis of glucocorticoid-regulated genes
We scanned the promoter/regulatory regions of the genes in Table 2A , for full palindromic glucocorticoid response elements (GREs) or hexameric "1/2 GREs." The analysis identified 17 induced genes with one or more 1/2 GREs. Detailed examination of the sequences of these GREs showed 9 to be candidates for full, quasi-palindromic GREs; the remainder appeared to be 1/2 GREs. Sequences in the vicinity of the GREs often showed binding sites for CREB, c/EBP, NFB, Oct1, and AP-1 transcription factors, with which the GR is known to be capable of interacting ( Table 2) .
The promoter/regulatory regions of the 21 genes in the sensitive cells whose mRNA products fell after glucocorticoid treatment revealed 11 that contained one or more 1/2 GREs (Table 2B) . Of these, four appeared to be classic GRE palindromes. The specific "negative" GRE sequences described in two de-induced genes [27, 28] were not found.
Discussion
The mechanism by which glucocorticoids cause the apoptosis of leukemic lymphoid (or normal) cells remains unknown. We subscribe to the general hypothesis that the activation of the actual apoptotic machinery requires a preceding period of gene regulation in the treated cell. We further hypothesized that during this period a reversible series of events takes place, and this group of events constitutes a network of regulatory interactions that culminate in one or more irreversible biochemical "triggers" being pulled, setting off apoptosis. In various systems of cultured, transformed lymphoid cells this preceding time period is rather long, on the order of 24 h.
We have taken advantage of this by studying a human leukemic lymphoid system in which a closely related set of three clones are compared at a time close to but before the irreversible apoptotic events are set in motion. The three clones all were derived from the CEM cell line and are recent subclones of a pair of clones isolated some time ago. C7 was the prototypical sensitive clone, and C1 the prototypical resistant clone. Among the C1 subclones, we serendipitously subcloned C1-6; one that had reverted to sensitivity. Therefore, our hypothesis predicts that C1-6 would show a set of Dex-regulated genes coincident with the critical set in C7, and that these would differ from what occurs in C1-15. We tested this prediction with gene array analysis. Considerable effort was spent in validating the data, and as given in Results, the validation tests strongly suggest that the data sets obtained were representations of the cellular responses. Over the course of 1 year, data from three experiments at the same time point after addition of Dex were obtained. This longitudinal approach strengthens the argument that the results found are consistent behaviors and not due to the idiosyncrasies of cellular activities at a particular point in time.
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represent the totality of genes expressed in human lymphoid cells, it is an excellent starting point, because the genes on this chip all represent identified full-length cDNAs. Cluster analysis based on control expression levels placed C1-6 closer to its sister clone C1-15 than to the inherently sensitive clone C7-14. These relationships change when one carries out cluster analysis based on the genes that are induced after adding Dex. Using that set only, C1-6 clusters more closely to C7-14 than to C1-15. A number of genes were induced in response to the glucocorticoid in at least two of three experiments in the resistant clone C1-15; however, in this clone few genes were induced Ն2.5-fold in all three experiments. Initial examination of the induced genes in C1-15 again showed no obvious anti-apoptotic genes. The substantial number of genes found frequently induced or repressed in clone C1-15 indicates that the GR in these cells is capable of gene regulation, although the genes regulated differ from those in the apoptosis-sensitive clones. We have already shown that for a transfected, GR-driven gene in C1-15 cells, the level of induction is substantially enhanced by treatment with forskolin to activate the protein kinase A pathway [29] . It will be interesting to study the effects of such treatment on C1-15 endogenous genes.
Because cluster analysis of C7-14 and C1-6 after treatment with Dex showed that C1-6 became more closely clustered with C7-14, the other pro-apoptotic clone, we reasoned that the genes that led to apoptosis would have to be very consistent in their induction. By applying more stringent criteria than those used in the cluster analyses, we identified 39 genes that were induced Ն2.5-fold and 21 genes that are suppressed Ն2-fold in both of the sensitive clones. Obviously, using other criteria can produce additional genes in both the induced and repressed categories. Our chosen criteria, however, make these initial limited sets likely to be at least some of the genes relevant to the biological phenomenon of interest. By allowing the fold induction in one of three experiments to fall below the arbitrary limit, we took into account the possibility of one result being randomly aberrant. Of course, for a gene to be required for apoptosis, it would be expected to change in every experiment. In fact, the genes identified all did so (see Results). The variability cannot be attributed to GR mRNA fluctuations, because the chip data show that GR ␣ and ␤ mRNA levels essentially remained constant. It is intriguing that many of the genes identified encode proteins involved in regulatory pathways, plus pro-or anti-apoptotic functions. Additionally, among the glucocorticoid-induced genes are some contributing to structural integrity and membrane transport. Other induced genes include several that encode for cellular structural proteins.
Among the interesting genes induced at 20 h, one is Bim-EL, a pro-apoptotic member of the bcl2 family [30] . The late increase in such genes may precipitate apoptosis. Another gene specifically induced by Dex in glucocorticoidsensitive cells is the DSCR1 gene [31] . DSCR1 encodes monocyte-enriched calcineurin interacting protein 1 (MCIP-1), which blocks calcineurin-dependent transcription [32] . Another target of glucocorticoid-mediated induction specific for glucocorticoid-sensitive cells is the gene encoding the adenovirus E4 promoter-binding protein-4 (E4BP4/ NFIL3A), a transcriptional repressor in the bZIP family of transcription factors [33] . Also induced is inositol polyphosphate-1-phosphatase, an enzyme of the phosphatidylinositol signaling pathway that hydrolyzes the 1-phosphate from inositol triphosphate and inositol diphosphate. It has been implicated as an inhibitor of DNA synthesis [34] . Closer investigation of the Dex-mediated induction of the human receptor-like protein tyrosine phosphatase [35] and the protein tyrosine kinase interacting protein SOCS-1/TIP3 [36] (Table 2 ) may shed light on the role of protein tyrosine phosphorylation in glucocorticoid-evoked lympholysis. Growth-regulatory genes induced by Dex include BTG1, an antiproliferative gene that arrests cells in G0/G1 phase of the cell cycle and induces apoptosis in NIH3T3 cells [37] ; Mad3, a c-Myc antagonist and hence pro-apoptotic in lymphoid cells [38] ; and BIRC-3/IAP-1 (Table 2) , which has been implicated as an anti-apoptotic factor [39] . This could represent a cellular attempt to activate compensatory antiapoptotic mechanisms. Similar to a recently published report [40] , our microarray analysis also demonstrated glucocorticoid-mediated induction of the interleukin-7 (IL-7) receptor ␣. In addition, Dex induces a number of gene products whose functions are either unknown or not directly apparent in glucocorticoid-mediated responses in lymphoid cells.
Among the repressed genes, we noted HRY, the human homolog of the Drosophila melanogaster gene hairy, which plays a key role in development and cell proliferation [41] . It contains a bHLH motif similar to c-myc, which also is repressed. Recombination activation gene-1 (RAG1) encodes a protein that regulates V(D)J recombination and immunoglobulin and T-cell diversity and may be active in immune cell survival [42] .
As knowledge has grown regarding the ways by which glucocorticoids, through the GR, regulate gene transcription, it has become obvious that there are several mechanisms. These include GR homodimers binding directly to specific DNA response elements, GR-DNA interactions with heterologous transcription factors at composite DNAbinding sites, and strictly heterologous interactions in which the GR is tethered to DNA indirectly. Composite sites contain both a site for the heterologous factor and a 1/2 GRE. In heterologous protein-protein interactions, the GR may be tethered to DNA through the heterologous transcription factor or GR-factor interactions may prevent DNA binding.
The genes regulated in our experiments provided an opportunity to examine promoters to see what types of regulatory elements might be present in relevant genes. Each promoter/regulator region was examined up to Ϫ2.5 kb upstream from the transcription start site. In 11 of the promoters we identified a classic quasi-palindromic GRE; 5 of those contained an additional 1/2 GRE. We found 4 of the 11 in downregulated genes. Presumably in these, the negative regulation was due to a dominant repressive effect of other sites. In another 17 genes we noted at least one 1/2 GRE. In the vicinity of both types of GREs were found sites for other transcription factors known to interact with the GR, including those for Oct1, AP-1, c/EBP, CREB, and NFB. The remainder of the induced genes showed no GRE in the 2.5-kb region examined. It may be that some of the induced genes are stimulated as secondary events as a consequence of changes in other regulatory gene products. Thus some of the changes seen could be indirect and not primary GR-mediated changes in transcription. For example, relief of repression due to downregulation of a repressor gene would cause upregulation of the repressed gene. With respect to the negatively regulated genes' promoters, we found fewer GREs and neither of the negative GREs described for the pro-opiomelanocortin and prolactin genes.
Our microarray profiling generally correlates with published reports on known glucocorticoid-mediated effects on the transcription of individual genes. Our results confirm early observations that glucocorticoids modulate expression of a finite set of genes, rather than causing generalized transcriptional changes [12] [13] [14] [15] [16] [17] . Only a few reports of microarray analyses of glucocorticoid-mediated gene regulation have been published: thus, detailed comparison of specific glucocorticoid-regulated genes so identified is difficult because of the differences in cells tested, the timing of Dex treatment, and/or the specific gene probes contained within the different arrays used. Glucocorticoid treatment of peripheral blood mononuclear cells showed an induction of cytokines, scavenger and Toll-like receptors, with mixed effects on apoptosis-related gene clusters [43] . In an attempt to segregate genes that cause growth arrest from those that cause apoptosis, Tonko et al. [44] compared glucocorticoidregulated gene expression profiles in proliferating versus G1/G0-arrested CEM-C7-H2 cells, a subclone from the original glucocorticoid-sensitive CEM-C7 cells described here. Subsequently, the same laboratory obtained singleexperiment data at early times after Dex addition to other CEM and to GR-containing Jurkat cells [45] . In both studies, single samples were taken at 2 or 3 and 8 h after the addition of Dex. Time-matched controls were not obtained. As the authors remarked, it is difficult to be certain which, among the genes possibly regulated in those studies, are random occurrences. Nevertheless, we note that several genes seen as regulated in our data also appear to be regulated in their more limited data set taken at earlier time points. In sensitive cells these include AIM1, DSCR1, and IL-7 receptor (IL7R) ␣ (induced); c-myc, HRY, and RAG1 (repressed).
A death-associated protein kinase (DAP-kinase) family reported in the literature to participate in apoptotic cascades initiated by interferon-␥, tumor necrosis factor-␣ (TNF␣), activated Fas, and detachment from extracellular matrix was evaluated [46] . Our arrays showed that there was basal expression of some family members but no regulation by Dex or differential expression in sensitive versus resistant clones.
In sum, our results support our initial hypothesis that a distinctive set of glucocorticoid-regulated genes would be found in cells destined to undergo apoptosis. Our data also suggest that the resistant clone C1-15 does have an active GR, but that a quite different gene set is regulated by it. We interpret this result as an indication that a regulatory switch has shifted the entire pattern of responses. The data here should provide a basis of comparison for glucocorticoid gene-regulatory effects in other apoptotically inclined lymphoid systems.
Materials and methods
Reagents
Dex and other reagent-grade chemicals were purchased from Sigma-Aldrich Chemical Company (St. Louis, MO, USA). The RNeasy total RNA isolation kit was from Qiagen (Santa Clara, CA, USA), T7-oligo (dT) promoter primer from Affymetrix (Santa Clara, CA, USA), and the BioArray high yield RNA transcription labeling kit from Enzo Biochem (New York, NY, USA). The following reagents were purchased from Invitrogen (Carlsbad, CA, USA): SuperScript II reverse transcriptase, dNTP mix, Escherichia coli DNA ligase, E. coli DNA polymerase I, RNase H, and T4 DNA polymerase. The Zeta Probe GT genomic blotting membrane for northern blots was from Bio-Rad (Richmond, CA, USA), the RediPrime II random primed DNA labeling system from Amersham-Pharmacia (Piscataway, NJ, USA), the ␣-[
32 P]dCTP from ICN (Irvine, CA, USA), and QuikHyb hybridization solution from Stratagene (La Jolla, CA, USA).
Cell culture
All CEM clones used in this study were cloned in 1996 in semisolid agarose medium in the absence of any selective pressure [47] . Thereafter, the cells were carefully maintained in logarithmic growth in Cellgro RPMI 1640 tissue culture medium (Mediatech, Herndon, VA, USA) supplemented with 5% FBS from Atlanta Biologicals (Norcross, GA, USA) at 37°C in a humidified 5% CO 2 , 95% air incubator.
RNA extraction
When cells had grown to a density of 4 ϫ 10 5 cells/ml, they were treated with either ethanol vehicle (Յ1% final concentration) or 1 M Dex in vehicle for 20 h. Approximately 1 ϫ 10 7 cells were harvested, washed once with chilled PBS, pH 7.4 (Cellgro) and resuspended in lysis buffer (RNeasy kit). The cell lysate was passed through a QIAshredder column (Qiagen) and processed for total RNA isolation as per the protocol provided (RNeasy kit). RNA samples were stored at Ϫ70°C in ethanol until used for either GeneChip analysis or northern hybridization. In each experiment an aliquot fraction of the culture was retained and followed for growth and apoptosis. The full apoptotic effect was seen in each experiment in the two sensitive clones, whereas the C1-15 clone was entirely resistant.
Target labeling and hybridization
First-strand cDNA synthesis was done using 10 -25 g of total RNA, a T7-(dT) 24 oligomer (5Ј-GGCCAGTGAAT-TGTA ATACGACTCACTATAGGGAGGCGG-(dT) 24 -3Ј) and SuperScript II reverse transcriptase (Life Technologies, Baltimore, MD, USA). Second-strand synthesis converted the cDNA into a double-stranded DNA template, which was subjected to an in vitro transcription reaction using bacteriophage T7 RNA polymerase. The cRNA or target RNAs were labeled with biotin during the in vitro transcription reaction, then fragmented to a mean size of 200 bases to facilitate their hybridization to probe sequences of the HG_U95Av2 Affymetrix GeneChip Arrays. Each target RNA sample was initially hybridized to a test array that contained a set of probes representing genes commonly expressed in a majority of human cells, for example, actin, transferrin receptor, transcription factor ISGF-3, 18S RNA, 28S RNA, and Alu, to confirm the successful labeling of the target RNAs and prevent the use of degraded or nonrepresentative target RNA samples. Hybridization of GeneChip arrays was done at 45°C for 16 h in 0.1 M MES buffer, pH 6.6, 1 M NaCl, 0.02 M EDTA, and 0.01% Tween 20 detergent. Four prokaryotic genes (bioB, bioC, and bioD from the E. coli biotin synthesis pathway and cre the recombinase gene from P bacteriophage) were added to the hybridization cocktail as internal controls. Arrays were washed using both nonstringent (SSPE-Tween 20 detergents, 25°C) and stringent (1 M NaCl, 50°C) conditions before staining with phycoerythrin-streptavidin (10 g/ml final concentration). GeneChip arrays were scanned using a Gene Array Scanner (Hewlett Packard, Palo Alto, CA, USA) and analyzed using the Affymetrix GeneChip Suite 4.0 software.
Northern blotting
DNA fragments corresponding to the specified cDNA sequences were amplified from CEM-C7-14 cells treated with 1 M Dex by RT-PCR using the following primers: BTG1 (361-751 bp, GenBank Accession No. X61123): sense, 5Ј-CCGTGTCCTTCATCTCCAAG-3Ј; antisense, 5Ј-CTGATTCGGCTGTCTACCAT-3Ј; DSCR1 (266 -659 bp, GenBank Accession No. U85267): sense, 5Ј-GGACAT-CACCTTTCAGTATT-3Ј; antisense, 5Ј-TTCCTCTTCT-TCCTCCTTCT-3Ј; and E4BP4 (273-1,587 bp, GenBank Accession No. X64318): sense, 5Ј-CAATGTGGACAA-GATGATGGTC-3Ј; antisense, 5Ј-AGCAGAGATTGGTT-GTGTGG-3Ј. The resulting PCR products were confirmed by sequencing and then were used as probes in northern hybridizations. A 245-bp (947-704 bp, GenBank Accession No. X00351) ␤-actin cDNA fragment from Ambion (Austin, TX, USA; catalog no. 7424) was labeled to serve as a probe for normalization between lanes. Total RNA (5 g) from ethanol or 1 M Dex-treated CEM-C7-14, CEM-C1-6, and CEM-C1-15 cells was separated on a 1.4% agarose gel under denaturing conditions (6% formaldehyde, 1ϫ MOPS-EDTA buffer, pH 7.4, and 1 g/ml ethidium bromide) for 16 h at 20 V. The resolved RNA was transferred on to ZetaProbe membrane by overnight capillary action, and the membrane was baked at 85°C in a vacuum oven for 45 min. For probe preparation, the appropriate gelpurified PCR products or DNA fragments were labeled with ␣[
32 P]dCTP using the Rediprime II random primed DNA labeling system (Amersham Biosciences). The membrane was prehybridized in QuikHyb solution (Stratagene) for 1 h at 60°C. Approximately 1 ϫ 10 7 c.p.m. of the appropriate radiolabeled DNA probe was boiled with salmon sperm DNA (final concentration of 100 g/ml), chilled on ice, and added to the QuikHyb prehybridization solution. Hybridization was carried out for 3 h at 60°C. The hybridized membrane was washed once at room temperature with 2 ϫ SSC and 0.1% SDS (w/v) for 15 min, and then washed successively in 0.1% SSC (v/v) and 0.1% SDS for 30 min at 50, 55, and 57°C. After hybridization, membranes were stripped and reprobed for actin. Each membrane was scanned using the Molecular Dynamics Storm PhosphorImager (Sunnyvale, CA, USA) and the bands quantitated on an Alpha Innotech Imager (San Leandro, CA, USA).
Data analysis
Three independent experiments were done within a span of 1 year. In each, the ethanol-and Dex-treated samples from every cell clone were assessed. The raw data were obtained using Affymetrix software. Details regarding Affymetrix GeneChip design and the Affymetrix GeneChip Suite 4.0 algorithms can be obtained from the Affymetrix expression analysis technical manual or their website (http://www.affymetrix.com). Initial data processing was done using the Affymetrix GeneChip Suite 4.0, which uses absolute analysis algorithms to yield an average difference value for each of the 12,626 genes on the HG_U95Av2 array. Analyses were conducted with the software package GeneSpring (Silicon Genetics, Redwood City, CA, USA), version 4.2.1. Affymetrix 5.0 Pivotdata text files for control and treated chips were imported into GeneSpring and combined into single experiments for each replicate. For each individual experiment, control and treated chip were normalized together using the 50th percentile distribution of all genes.
Creating significant gene lists
To determine the genes regulated by Dex, the signals on chips receiving the products derived from Dex-treated cells were filtered to find the 5,000 -6,000 genes called "present," and all other genes were dismissed for that particular experiment. All present genes were then compared to their counterparts on the control chips to find those that were induced at least 2.5-fold or suppressed at least 2.0-fold. These lists were then compared to elucidate those genes induced or suppressed in at least two out of the three experiments. Genes regulated by Dex in each of the three clones were compared with the results expressed by Venn diagrams and lists of specific genes. Differences in basal gene expression were studied using Significant Analysis of Microarrays software (Stanford University, Stanford, CA, USA). An unpaired Student's t-test was used to determine genes that were significantly different for one group to another, keeping the false discovery rate below 1%.
DNA-binding site analysis
Using the program BLASTN, GenBank sequences for the genes identified in Table 2 were compared to the Celera Discovery System database to obtain their genomic sequences. From these, ϳ2.5 kb upstream of the presumptive transcription initiation site was saved for each gene. The sequence was then explored for possible transcription factor sites, using Match version 1.5 within the TRANSFAC Professional 6.2 database, which contains a library of mononucleotide weight matrices. Only high-quality matrices (predetermined on the TRANSFAC database) were used in our search. Matrices for GRE and other transcription factors that are known to bind GR (i.e., NFB, CREB, AP-1, Oct1, and c/EBP) were employed to search the sequences using a user-defined 0.80 as the cutoff for core and matrix similarity.
Clustering
All replicate chips were merged into single experiments. Consolidated control and treated experiments were compared using a Welch-ANOVA to reveal any significant genes (P Ͻ 0.05). The significant genes list was used as a filter to cluster individual experiments using a variety of different algorithms.
